We provide more evidence of not quite black holes at LIGO. We update and streamline our previous search strategy and apply it to the 10 BH-BH merger events and the one NS-NS event. The strategy is aimed at the evenly-spaced resonance spectrum expected from not quite black holes, given that at low frequencies the radial wave equation describes the modes of a stretched 1D cavity. We describe various indications of the self-consistency of the apparent signals across all events in the context of a simple theoretical model. The merger with the largest final mass, spin and red-shift, GW170729, provides additional interesting support.
Planck scale can arise as the scale of strong interactions, just as the QCD scale arises in QCD [6] .
We thus consider the possibility that all BHs in nature are in fact not quite BHs. This is a conjecture that can be tested, since a gravitational wave signal can distinguish not quite BHs from BHs. The effective radial description of low frequency waves around the not quite BHs is that of a 1D cavity. One end of the cavity is at the origin (r = 0) and the other end is at the angular momentum potential barrier (r = 3M , in units with G = 1). Since the potential barrier slightly leaks, a pulse that moves back and forth in the cavity can produce periodic pulses (echoes) observed on the outside [7, 8] . This observation motivated searches for echoes in LIGO data, beginning with [9] . But the perturbed state of a not quite BH, when newly formed after a merger, may be more complicated. If it produces something other than a single pulse moving back and forth, then the simple echo waveform will be replaced by something else.
A 1D cavity has a more general feature: an evenly-spaced resonance spectrum. This is a more robust and general search target than actual echoes [10, 11] . We can express the size of the cavity as a tortoise coordinate distance ∆x. Then the spacing between resonances is ∆ f = 1/(2∆x) = 1/∆t where ∆t is the round trip travel time (the time delay between the possible echoes). The cavity size is stretched compared to the physical size of the not quite BH since the dimensionless ratio ∆t/M is large, something like 800 or so. We show a formula for ∆t/M in Section III.
Since an explicit solution for a rotating not quite BH does not exist yet, we instead use a truncated Kerr spacetime as an approximation. The truncation means that a boundary or wall is introduced slightly outside the horizon. ∆x is now the distance between the wall and the potential barrier. This construction yields no angular momentum barrier at the wall, just as a 2-2-hole has no angular momentum barrier at its origin.
We focus on the dominant = m = 2 gravitational wave mode and obtain the corresponding waveform in frequency space ψ ω [11] . This is a product of a transfer function K(ω) and a source integral D(ω). The transfer function contains the resonance spectrum that depends on the mass M and dimensionless spin χ, along with ∆x and a quantity R wall that describes the boundary condition. R wall = −1 is a purely reflecting boundary condition (and is the analog of the Dirichlet boundary condition found for the spinless 2-2-hole), but we choose a slightly less negative value, R wall = −1 + ε, to account for a small amount of damping or dissipation of the wave as it traverses the material inside the not quite BH. The source integral D(ω) modulates the resonance spectrum and its dependence on the initial condition was explored in [11] .
In [10] a search strategy was developed to target the resonance spectrum. Some evidence for such spectra was presented for four BH merger events reported early by LIGO. Here we update this search and apply it to all ten confident detections of BH mergers in the first and second observing runs [12] , using publicly available data [13] . Our goal is to simplify the strategy and to apply it uniformly to all events. This reduces look elsewhere effects and it makes our analysis and results more easily reproducible. Another feature of our analysis is that an optimized bandpass, a purely data-driven quantity, can be compared to the predicted spectrum for each event.
II. THE SEARCH
The search strategy involves taking a range of whitened data starting at the merger time and having duration T . Then after a FFT, the absolute value is taken. A complication is that the gravitational wave arriving at earth has two polarizations which form the real and imaginary parts of a complex waveform. A LIGO detector, depending on its orientation, projects this complex waveform into a set of real numbers.
Thus to reconstruct the observed version of |ψ ω |, we first must model this projection, and we do this by taking the real part of the time-domain signal waveform. (Different projections give qualitatively similar results.) Carrying out the steps of the search strategy on this real signal waveform gives a "reconstructed" |ψ ω |. This quantity has an additional dependence on T = N E ∆t. N E is the number of echoes, loosely speaking, since typically any echoes will have already merged by the time T is reached.
We give an example of the reconstructed |ψ ω | in Fig. 1 , for the values N E = 180, M = 50M , χ = 2/3 and ∆t/M = 800. Here we have used the simplest initial condition, which is a single travelling pulse originating inside the cavity. Less trivial initial conditions will in general produce a less smooth envelope for the spikes [11] . The resonance pattern dips to zero at ω 0 = χ/r + , where r + is the horizon radius. The overall width of the resonance spectrum in Hz is proportional to 1/M , and will thus be different for every event. N E along with the choice of R wall , for this example chosen to be −0.995, controls the overall height of the spikes. Relative to a fixed amount of noise, this overall height will increase with N E up to roughly N E ∼ 200, after which the highest set of peaks, the ones that contribute most to a signal, begin to shrink. This behaviour is controlled by the value of R wall and it occurs even though the energy radiated per time delay, for instance, is a monotonically decreasing function of time.
In Fig. 1 we see the two component structure of the reconstructed |ψ ω |, which arises due to the real projection. One component at lower frequencies extends up to about 200 Hz, and this originates from what was the negative frequency part of the original ψ ω . The relative size of the two components is controlled by the initial pulse amplitude spectral density (as controlled by a Gaussian in [11] ), and in particular the strength of this at negative frequencies. A way to parameterize this strength is to specify the fraction of energy at negative frequencies, which in this example is chosen to be E ω<0 /|E| = 0.06. Even with this small fraction, the negative negative frequency part [11] .
All other echo searches try to model the full waveform. The first five echoes of this waveform are displayed in Fig. 2 where we see irregular echoes even for the simplest of initial conditions.
In frequency space the full information is in the reconstructed versions of |ψ ω | and the phase of ψ ω . The latter is displayed in Fig. 3 . In a standard matched-filter search, the templates must be constructed to match this information as well. This makes clear why such searches are liable to fail. For a resonance search, only |ψ ω | is needed. by a spacing between teeth and an overall shift. The comb is uniform, meaning all teeth are the same with constant spacing, as shown in Fig. 4 . 1 Taking the mean of the nonzero values produces an amplitude, one for every spacing and shift. If there is a signal for some spacing, then the amplitudes at different shifts should show an enhancement over some small range of shifts, and this should occur simultaneously for the two detectors. We construct a quantity that when maximized will find such an occurrence and the shift at which it occurs. 2 The maximized value of this quantity for each value of the spacing is then a measure of the correlation between detectors that we are seeking. A signal shows up as a peak in a plot of this correlation as a function of the spacing. This will be a sharp peak because the spacing needs to be accurately determined to achieve an overlap with the large number of sharp spikes.
...
... The whitening of the original strain data is an important first step in the analysis, and to obtain the PSD required for whitening, an averaging over 300 segments is performed. 3 The range of data used for the obtaining the PSD is larger than the search region, and it is centred on the midpoint of the search region. The duration of the segments (in seconds) used in each event is given in Table I below. Allowing a binary choice of .5 or 1 s seems to better treat the different noise characteristics in different events. 4 A trade-off is involved since although longer segment times will reduce noise on finer-grained frequency scales, it also increases the risk of altering the signal occurring on fine-grained scales. One further noise cut is applied after the frequency series |FFT(whitened data of duration T after merger)| is obtained. Any value in this series that is more than three times the average value is reduced to the three times value. Such fluctuations should only occur about 0.1% of the time for Gaussian noise, but in the earlier events especially, there is substantial non-Gaussian noise. It is fair to assume that the signal spikes are typically not high enough to be much affected by this cut.
III. RESULTS
For a truncated Kerr black hole, the time delay ∆t has known dependence on mass M , spin χ and redshift z [9, 14] ,
The redshift factor is due to ∆t (M ) being measured in the detector (source) frame. This dimensionless ratio is driven large by the large log, due to the presence of the Planck scale.
We have introduced the parameter η to characterize the small distance δr from the would-be horizon out to where strong gravity extends, as follows,
Thus if η is between 1 and 2, then δr is smaller than the coordinate Planck length Pl and is larger than the proper Planck length. Because of the many evenly-spaced spikes, a resonance signal, if there is one, determines ∆t with high accuracy. The LIGO measurements of M , χ and z for the final BH have larger uncertainties, and by ignoring their correlations for simplicity, we can thus determine an η and its uncertainty from a measurement of ∆t.
We find apparent resonance signals for all events. Before elaborating on this we first provide a summary plot in Fig. 5 , where we show our determination of η from all ten BH merger events.
The consistency for a common value of η describing all events is excellent. We stress that the 3 We use the Welch method with the Hanning window and with some overlap and padding turned on. The same settings are used for all events. 4 Incomplete data for GW151226 prevented the choice of 1 s. size of the error bars has nothing to do with the strength of the resonance signal for each event.
The value η = 1.72 ± .06 means that δr ≈ 10 −28 Pl These results provide a good test of the spin and redshift dependence in (1) . This is shown more clearly in Fig. 6 , where the left plot is the same as We now take a closer look at the analysis and the results for each event. For each event we will show a reconstructed spectrum |ψ ω | that depends on the various measured quantities. To simplify the generation of |ψ ω | we assign one of three spin values to each event. These values are well within the spin uncertainties, and so we group the ten events as in Table I. There we also give our chosen values of parameters R wall and E ω<0 /|E| tot for these three groups of events, 5 which along with M , χ, ∆t and N E are used to obtain the reconstructed |ψ ω |. Except for the binary choice of a whitening parameter, as indicated in Table I , the analysis carried out for each event is the exactly the same. There are no other procedures or parameters that vary between events. We will express the comb spacing ∆ f as an integer, n = ∆ f /(1/T ) = T /∆t. It is respect to n that we plot the correlation between detectors as described earlier. A signal peak, if it occurs, should be very sensitive to choice of ∆t. In the process of determining the true ∆t, we can choose T such that the peak location is fixed at a particular integer value of n = N E , that is that T is N E times the true ∆t.
We then further optimize the signal (the peak height) by varying three quantities: N E and the upper and lower limits of the bandpass f min and f max . For each event we will give the optimal N E (as a multiple of ten) and the optimal bandpass, presented as a band on a plot. This plot will compare this band to the resonance pattern of the reconstructed |ψ ω |, which is event-dependent through multiple quantities. The plot also displays the square root of the PSD for each detector (H in red and L in green), as used in the whitening, where the normalization compared to |ψ ω | can be ignored. For each event we also give the measured values of ∆t and ∆t/M (where the uncertainty inherent in M is not displayed). The large values of this dimensionless ratio is due to the log in (1), and we have already seen that it is the spin and redshift factors that account for the different values of ∆t/M from different events. The second plot for each event is the signal plot.
We stress that the optimal bandpass is determined solely from the data, while the resonance pattern described by |ψ ω | is a theoretical quantity. It is interesting to note the consistency between the bandpass and |ψ ω | across all events. The signal plots can be inspected to gauge 5 In the language of [11] , the values of κ appearing in the pulse amplitude Gaussian are κ = 16, 13 and 6
respectively.
the relative strength of the resonance signals between events. These plots are probing a wide range of comb spacings n, and thus of possible time delays, with n ranging from .6 to 1.4 times
We show plots and results for each event below. We order the events as in Table I , with the five spin 2/3 events first and then the four spin 0.72 events. As the tenth event in this series, and using the same format as the others, we present GW170817, for which we are testing for a not quite black hole resulting from a NS-NS merger. We reported a resonance signal for this event in [10] , but now we pass it through the current analysis. The results remain similar to before. The time scales are shorter for this event and the high sampling rate data (16384 Hz) is used. We use 200 segments of 1/4 s duration for the whitening and the displayed PSDs are normalized differently. LIGO does not provide the final mass and spin, so here we make choices (M = 2.2M and χ = 2/3) that give a sensible looking |ψ ω | when compared to the optimal bandpass. The measured ∆t then corresponds to η = 1.6, and increasing M would decrease η further.
The remaining event GW170729 has been flagged above, and we find that its results are both interesting and different. Here we find two resonance signals, for two non-overlapping choices of the bandpass. And both of these signals are strong, as seen from the two signal plots.
Each signal produces its own value of ∆t, but they both give the same ∆t = 0.489s to this level of accuracy. From the displayed |ψ ω | we see that the high spin causes the positive and negative frequency components to become more separated, and the two signals are consistent with observing these two components separately. When attempting to use a broader bandpass that would encompass both components, the signal effectively disappears. Given that each signal has the same (or very close to the same) ∆t and thus the same ∆ f resonance spacing, the implication is that two resonance patterns are displaced relative to each other, in such a way that a broad uniform comb misses one or the other. Such a relative shift is natural and it depends sensitively on ω 0 , which pins the overall shift of the original ψ ω , and ∆ f . Since the spin and thus ω 0 is not measured accurately enough, this shift cannot be predicted. 6
CONCLUSIONS
LIGO is sensitive to the cavity resonance structure of not quite black holes. This particular sensitivity to Planck-scale physics is under appreciated.
The full signal waveform produced by a not quite black hole may have too much information and model dependence for a standard matched-filter analysis. On the other hand the evenlyspaced resonance pattern is robust and relatively easy to search for. This is the approach taken here.
Evidence is already accumulating from the 10 BH merger events reported in [12] . We have described the consistency of the measured ∆t values with the mass, spin and red-shift dependence predicted from the simple truncated Kerr BH model. We have also displayed the consistency of data-driven bandpasses with the spectrum predicted for each event in the same model. Event GW170729 provides extra support since it is sufficiently different from the other events. It may already be showing evidence of the expected two component structure of the resonance pattern.
Our results are consistent with a common distance scale δr, with our measured value lying between the coordinate and proper versions of the Planck length. Another aspect of the data that was discussed in [10] , but not here, is the presence in some of the events of secondary signals at multiples of ∆t. In particular a signal at ∆t/2 suggests that every second spike of the resonance pattern is suppressed. This in turn is a statement about initial conditions [11] .
The LIGO data certainly displays non-Gaussian noise, some of it not understood, and some of it displaying comb-like features reminiscent of our signal. If a "signal" only appeared in one or two events then it could be suspected that it was nothing but noise. But for signals in 11 events it becomes increasingly unlikely that noise could reproduce the event-dependent features of the data that we have described. This should in principle be reflected in some global p-value that we have not attempted to estimate. Individual p-values were estimated in [10] .
There is a different concern worth mentioning. In their continuing efforts to reduce noise with respect to their merger-signal target, it is to be hoped that LIGO does not inadvertently remove poorly understood non-Gaussian noise that, as seen here, could harbour new physics. 7 We have stressed that our search strategy is uniform across all events. But to define the strategy, some choices and parameters were fixed once and for all. With the strategy now frozen, it will important to apply it to new data. Data that should easily confirm or refute the evidence presented here has already been collected in the LIGO O3 run. It only remains to look at this data. 
